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Abstract
The changes induced by exposing multi-walled carbon nanotubes (CNTs) to atomic nitrogen
were analysed by high-resolution transmission electron microscopy (HRTEM), x-ray and
ultraviolet photoelectron spectroscopy. It was found that the atomic nitrogen generated by a
microwave plasma effectively grafts chemical groups onto the CNT surface altering the
density of valence electronic states. HRTEM showed that the exposure to atomic nitrogen does
not significantly damage the CNT surface.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
The wide range of potential applications associated with
carbon nanotubes (CNTs) has triggered intense research on
their synthesis and characterization. The electronic properties
range from semiconducting to metallic, depending on chiral
angle and diameter [1]. This fact opens up the conceptual
possibility that the electronic properties of CNTs could
be ‘easily’ tailored by controlling their chiral angle and/or
diameter, but this has not yet been achieved. Moreover,
the bundles of CNTs formed during their synthesis are a
technological problem to be overcome to obtain dispersion
in polymers and metal matrices [2, 3]. One approach to
tackle these drawbacks is to tailor the electronic, electrical
and chemical properties by post-growth treatments such as
grafting molecules or metal clusters onto the tube sidewall. For
example, oxygen radicals can be used to functionalize CNTs by
changing their electrical conductivity and tuning their surface
reactivity [4]. Consequently, understanding the effect of post-
treatments is essential for assessing process controllability,
CNT stability and applications. The questions to be addressed
7 Author to whom any correspondence should be addressed.
in this work are as follows: how does the grafting of nitrogen
atoms on the tube surface modify the CNT valence band
electronic structure? Does the plasma treatment induce etching
of the CNT surface?
Typically, functionalization is accomplished by immersing
the nanotubes in appropriate chemical solutions or exposing
them to vapours at high temperatures [5–8]. As an alternative
it was shown that chemical radicals could be added to CNTs
by using a cold plasma technique [9–11]. Functionaliza-
tion by plasma treatments have the advantage of being clean
and providing a wide range of different functional groups
depending on the plasma parameters such as applied power,
precursor, pressure and duration of the treatment [11].
To study the influence of grafting nitrogen atoms onto
CNT surfaces, multi-walled carbon nanotubes (MWCNTs)
were exposed to atomic nitrogen generated by dissociating
molecular nitrogen in an Ar + N2 microwave plasma
[9]. The resulting modification of the electronic structure
of the CNT was investigated by x-ray and ultraviolet
photoelectron spectroscopy and high-resolution transmission
electron microscopy (HRTEM) was used to investigate the
surface morphology [11].
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Figure 1. HRTEM image of MWCNTs treated in the post-discharge
region of an Ar + N2 microwave plasma.
2. Experiments
Samples were prepared using commercial MWCNT (NC7000)
powder synthesized via catalytic chemical vapour (carbon)
deposition (CCVD) (www.nanocyl.com). Functionalization
was performed in the post-discharge chamber of an Ar + N2
microwave plasma (2.45 GHz) [9]. The average discharge
power was set to 400 W with a flow ratio of Ar (700 sccm)
to N2 (50 sccm) of 14 : 1. These discharge parameters yielded
a nitrogen dissociation rate of 18% [12]. The samples were
prepared by exposing them to the plasma for three different
treatment times: 5 min, 15 min and 45 min, respectively.
For photoemission analysis, the MWCNT powder was
pressed and supported on a conductive adhesive tape. The
samples for the TEM analysis were first dissolved in ethanol
and then deposited on lacey carbon film supported by a copper
grid. The supported samples were exposed to the plasma
treatment.
X-ray photoemission measurements (XPS) were
performed at HASYLAB on the BW2 beamline at a photon
energy of 3300 eV [13, 14]. The Au 4f7/2 peak at 84.32 eV,
recorded on a reference sample, was used to calibrate the
binding energy scale. Ultraviolet photoelectron spectroscopy
(UPS) experiments were performed at the FLIPPER II beam-
line using a photon energy of 55 eV [15]. The position of the
Fermi level was calibrated by measuring the Fermi edge of a
continuous thick evaporated gold film. The overall resolution
of the system (source + analyser) was 0.2 eV.
HRTEM was carried out using a Philips CM30 FEG
instrument operated at 300 kV. To reduce potential knock-on
radiation damage caused by the 300 keV electron beam, the
electron dose was reduced so that no changes in the nanotubes
were observed during the entire electron-beam exposure.
3. Results and discussion
The samples were analysed by HRTEM to evaluate the possible
etching of CNT walls due to exposure to atomic nitrogen.
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Figure 2. Overview XPS spectra: (a) pristine MWCNTs,
(b) MWCNTs exposed to atomic nitrogen flow in the post-discharge
region for 15 min. The inset shows the XPS N 1s spectrum.
Figure 1 shows a typical micrograph recorded from a treated
sample after 45 min in the Ar + N2 microwave plasma. The
excellent condition of the walls of the CNTs indicates that, for
the chosen parameters, the plasma treatment does not damage
the CNT surface. Normally the outer surfaces of the CNTs
are covered by an amorphous carbon layer which is formed
during the synthesis. After the plasma treatment, the typical
extension of the amorphous layers covering the CNT surface
decreased, indicating that this process could be used to clean
the CNT surface. Further, experiments are being performed to
elucidate this point.
Changes in the chemical nature of the CNT surface caused
by exposure to atomic nitrogen were evaluated by analysing
the kinetic energy of photoelectrons generated by 3300 eV
photons. Figure 2 shows the comparison of XPS spectra
recorded on pristine CNTs and on N-functionalized CNTs.
The peak at 284.3 eV binding energy, observed in both spectra,
arises from photoelectrons emitted from the C 1s core level.
The presence of the peak near 399 eV, in the spectrum recorded
on the nitrogen-plasma treated sample, proves the effective
grafting of nitrogen [16]. The N 1s peak recorded with high
energy resolution is shown in the inset of figure 2. The
asymmetry of this peak indicates the presence of different
nitrogen groups grafted onto the CNT surface. It has been
reported that amine, nitrile, oxime and amide groups can be
formed by exposing CNTs to a nitrogen-based plasma and
the relative concentrations can be tailored by changing plasma
parameters [9, 11].
Figure 3 shows a comparison between the C 1s peaks
recorded from pristine and treated MWCNTs. Photoelectrons
emitted from carbon atoms in the ‘graphite-like’ walls
generate the main feature of these spectra at a binding
energy of 284.3 eV, i.e. 0.3 eV lower than the value for
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Figure 3. XPS C 1s spectra recorded on (a) pristine CNTs and
(b) atomic nitrogen treated CNTs.
photoelectrons emitted from graphite samples [17]. This shift
was associated with the weakening of the C–C bond caused
by the redistribution of the electron density with respect to
graphene resulting from the curvature of the graphene sheets.
The chemical modification produced by the plasma treatment
is revealed by the new broad structure near 287.5 eV that
is attributed to photoelectrons emitted from carbon atoms
belonging to amine, nitrile, amide and oxime groups [9–11].
The C 1s electron energy-loss spectrum has a peak at
∼6.6 eV loss energy (centred at a binding energy of 291.0 eV)
for pristine CNTs, corresponding to a π plasmon excitation
(figure 3) [17]. A similar loss feature is observable in the
spectrum recorded from the treated CNTs. The energy position
of the π plasmon loss peak is known to be related to the
delocalization of 2p-π electrons; for higher plasmon energy
larger electron delocalization is expected; conversely, smaller
plasmon energy is related to electronic localization. The
absence of loss structures in the C 1s spectrum recorded on
the treated MWCNTs, for plasmon energy higher than 6.6 eV
energy suggests that the degree of electron delocalization
was not increased by grafting nitrogen groups onto the CNT
surface. However, an increase in the electron localization
cannot be claimed, as in this case photoelectrons emitted
from carbon atoms belonging to nitrogen groups would be
superimposed to the electron loss structure.
The XPS results reveal that the microwave plasma
effectively grafts nitrogen groups onto the CNT surface.
The changes on the valence electronic states are revealed in
figure 4, which summarizes the UPS valence band spectra
obtained from three different samples: pristine MWCNTs and
MWCNTs exposed to atomic nitrogen for 5 or 15 min. The
valence band spectra were recorded at a photon energy of
55 eV. Due to the random spatial orientation of CNTs in the
‘CNT-film’, the features in the valence band spectra can be
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Figure 4. Valence band spectra recorded on (a) pristine MWCNTs
and MWCNTs exposed to atomic nitrogen produced by an Ar + N2
microwave plasma for (b) 5 min and (c) 15 min. The tabs indicate the
binding energy of photoelectrons emitted from oxygen atoms [18].
interpreted in terms of the electronic density of states (DOS).
The angle averaging avoids any effects of the angle-dependent
photoionization cross-sections that might prevent the detection
of some electronic states. The valence band structure of the
pristine CNTs is essentially the same as that of graphite. The
characteristic features arising from the threefold coordination
of the C atoms are the 2p-π band near 3.5 eV, the 2p-σ states
near 5.5 and 8.0 eV and the mixed 2s–2p hybridized states
at 13.6 eV. In the case of MWCNTs, the σ − π hybridization
resulting from the formation of the carbon tubes is stronger and
this gives rise to the intensity at 11.5 eV binding energy [17].
The feature near 14 eV was reported to be related to oxygen
molecules physisorbed on the wall and at the edges of the
MWCNTs [18]. In addition to the features observed in the
UPS valence band spectrum recorded on the pristine CNTs
reference sample, spectra recorded after the N-treatment have a
band peaking near 4.2 eV that was attributed to photoelectrons
emitted from nitrogen lone pair states (sp2 hybridized nitrogen)
[18, 19]. The dominant feature centred at 8.5 eV contains
contributions from C and N 2p electrons associated with π
bonds overlapping the σ -bond feature of the C 2p electrons
located at about 7.5 eV (see figure 4, pristine sample). The
band located at 9.8 eV is generated by photoelectrons emitted
from C 2p–N 2p σ -states [17]. A small quantity of oxygen
grafted onto the CNT surface was observed (oxygen relative
atomic concentration obtained by XPS was equal to 2.8%).
The oxygen can be introduced either from the residual gas in
the plasma chamber or during the ex situ sample preparation.
Photoelectrons emitted from oxygen chemical groups grafted
onto the CNT walls were reported to contribute to structures
centred at 6.0, 14 and 19 eV [20, 21].
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4. Conclusion
Photoelectron spectroscopy analysis showed that by exposing
MWCNTs to atomic nitrogen generated in a microwave
plasma, nitrogen chemical groups can be grafted onto the
CNT surface altering the density of electronic states. The
observation of the C 1s loss structure on the treated samples
suggests that the degree of electron localization is not modified
by the treatment. After the plasma treatment, the 2p-π
states can no longer be observed and the contribution of 2p-σ
states is enhanced. This suggests that the chemical groups
introduced by treating CNTs in the post-discharge zone of
a microwave Ar + N2 plasma contribute to the 2p-σ states.
The HRTEM images reveal that the atomic nitrogen plasma
removes amorphous carbon, but does not damage the surface
graphene layer.
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